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made at 8:00 and 11:00 a.m. and at 4:00 p.m. on 3 separate days to assess repeatability.
Grouped data from 18 volunteer subjects were compared to the data of the test subject as
well.

Results: Pachymetry accuracy on a calibrated standard was determined to be +/- 2um
(standard deviation, n=12). Repeated measures on the subject demonstrated a mean standard
deviation of 9.08 um for 750 thickness data points across the central 7 mm of the cornea;
peripheral measurement points exhibited progressively greater variability than at the apex -
(analysis of variance; P<0.0001). A plot of thickness by corneal location and time of day
exhibited a diurnal pattern, with the peripheral cornea exhibiting progressively greater
thickness changes than the central cornea (two-way analysis of variance; P<0.00001). The
data significantly correlated across days when all times of day were considered (r=0.999).
However, thickness values obtained at 8:00 a.m. were significantly different across days
(t test; P<0.0002). The subject's data correlated very well (r=0.9996) with the grouped
volunteer data.

Conclusions: These data show this system to be useful in corneal research and in clinical
settings. The data confirm early morning pachymetry to be highly variable. Additionally,
the data not only indicate a diurnal variation of corneal hydration over time, but also
imply the presence of a diurnal-based hydration gradient across the peripheral cornea,
both of which can have significance for PRK, since excimer tissue ablation effectiveness
is influenced by tissue hydration. Ophthalmology 1999; 106:977-981
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pachymetry determinations may be adversely influenced by fluctuations in tissue hydration, whereas optical
systems are apparently unaffected by these fluxes. A recently marketed, optical-based, topographic mapping
system (Orbscan; Orbtek, Inc.) uses anterior and posterior corneal surface data to calculate corneal thickness.
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thickness data points across the central 7 mm of the cornea; peripheral measurement points exhibited progres-
sively greater variability than at the apex (analysis of variance; P < 0.0001). A plot of thickness by comeal location
and time of day exhibited a diurnal pattern, with the peripheral cornea exhibiting progressively greater thickness
changes than the central cornea (two-way analysis of variance; P < 0.00001). The data significantly correlated
across days when all times of day were considered (r = 0.999). However, thickness values obtained at 8:00 am
were significantly different across days (t test; P < 0.0002). The subject’s data correlated very well (r = 0.9996)
with the grouped volunteer data.

Conclusions: These data show this system to be useful in corneal research and in clinical settings. The data
confirm early morning pachymetry to be highly variable. Additionally, the data not only indicate a diumal variation
of comeal hydration over time, but also imply the presence of a diumal-based hydration gradient across the
peripheral cornea, both of which can have significance for PRK, since excimer tissue ablation effectiveness is
influenced by tissue hydration. Ophthaimology 1999;106:977-981

most commonly used method of measuring corneal thick-
ness (ultrasound pachymetry) is apparently subject to phys-
ical effects of hydration change itself as it relates to ultra-
sound speed through the cornea.>* Those same studies

Corneal thickness change can serve as an index for alter-
ation in corneal hydration and metabolism.!-? However, the
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indicated that optical pachymetry systems are apparently
unaffected in their ability to detect such changes in corneal
thickness, either secondary to intraocular surgery or to ex-
tended wear of soft contact lenses. Furthermore, an optical
system has been shown to possess the ability to detect small,
hydration-based, transient, corneal thickness fluxes as a
result of the application of topical anesthetic.’

Repeated measurement of corneal thickness is compli-
cated by the natural phenomenon of diurnal variation. Typ-
ically, the diurnal pattemn is of maximum thickness on
awakening after lid closure overnight; within approximately
2 to 3 hours after eye opening, the thickness reportedly
decreases to a “normal” level.>” Kiely, Carney, and Smith,?
using a Haag-Streit optical pachymeter, found that the
human comnea thins progressively throughout the day after
awakening. The magnitude of diumal change was 10 um
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centrally and 20 pum at 40° into the periphery. They also
documented a diurnal change in central corneal curvature
accompanying this diurnal thickness change.

Recently, a topographic system that possesses the ability
to map corneal thickness has become available (Orbscan;
Orbtek, Inc., Salt Lake City, UT). The system is optically
based in that it uses slit-lamp-type beams and a computer-
ized mapping of the projected beam edge to construct alti-
tude maps of the anterior and posterior surfaces of the
cornea; corneal thickness is calculated from the altitude
data. Multiple scans were performed on one patient at
regular intervals throughout the course of a day, and at
select times on other days, to evaluate instrument precision.
This assessment also served to provide a thickness profile of
the normal cornea and its diurnal variation pattern in this
one subject. As a test of this subject’s similarity to other
people, his data were additionally compared to those of 18
volunteer subjects. An optical pachymetry tool of this type,
if accurate enough, could be of practical use in any number
of clinical and basic research settings, particularly in the
area of refractive surgery.

Methods

Instrumentation

The Orbscan system is a2 computerized comneal mapping device
that obtains elevation information from both the anterior and
posterior corneal surfaces. It uses a calibrated video and slit-beam
system to noninvasively measure three-space points on the front
and rear comeal surfaces. The three-space points are used to
construct mathematical representations of the true topographic
surfaces (i.e., maps of z [elevation] vs. x and y [horizontal and
vertical coordinates]). Therefore, corneal thickness, surface curva-
ture, or topographic maps and any number of elevation maps for all
aspects of the eye can be constructed from the initially measured
elevation data. The hardware consists of an optics acquisition
head, a Pentium processor computer system (Intel Corp., Santa
Clara, CA), an optional custom workstation, and an optional color
printer.

The optical acquisition head scans the eye using vertical light
slits, similar to slit-lamp beams, which are projected onto the
cornea from a 45° angle, one from the left side of the eye and
another from the right side. Twenty slit projections are sequentially
“frame-grabbed” by a computer-controlled video card from the eye
in a left-to-right succession using the left slit beam, then 20 more
slit projections are sequentially grabbed from right to left using the
right slit beam, thereby providing a total of 40 interlaced, captured
images for computer analysis. A tracking system monitors invol-
untary eye movements and mathematically accounts for them to
accurately piece together the mathematical surface being analyzed.
The slit-beam edge reflections are analyzed in all of the 40 images
at the levels of the anterior and posterior corneal surfaces, the
anterior and posterior lens surfaces, and the anterior iris surface.
Elevation and thickness or depth maps are then constructed from
these data. The comeal thickness or pachymetry data are a con-
struct of the difference between the elevations of the anterior and
posterior surfaces of the comea.

Methodology

One of the authors (MRL) and one technician (GM). both trained
by an Orbtek representative, captured all data. Five 40-image
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captures from the subject’s right eye were sequentially obtained at
each examination time (0800, 0930, 1100, 1300, 1430, and 1600
hours) in 1 day and at 3 select times on other days (0800, 1100, and
1600 hours), for a total of 45 fully analyzed examinations. Corneal
pachymetry maps were accessed for specific thickness data points
at the apex and at the four cardinal points (12-, 3-, 6-, and
9-o’clock positions) 1.0 mm, 1.5 mm, 2.0 mm, 2.5 mm, 3.0 mm,
and 3.5 mm concentrically from the apex (Fig 1). Although the
system provides a color-coded thickness map, key concentric ring
and cross-hair marking points were deliberately selected for spe-
cific data extraction that could be repeatedly accessed and com-
pared via statistical subroutines on a spreadsheet. This provided 25
pachymetry measurements per fully analyzed examination, 125
pachymetry measurements per time of day, and a total of 750
pachymetry measurements over the course of the entire day (plus
375 pachymetry measurements taken on the other days). The data
were then analyzed by corneal position, measurement location, and
time of day, as well as for variability by those same factors.

The mean preoperative thickness data from 18 other subjects
who were scheduled to be treated with photorefractive keratec-
tomy (PRK) were compared over time of day with the test sub-
ject’s data. To minimize diurnal effects of the comparison, the
mean 18-subject measurement time of 1130 hours (examination
times ranged from 0956-1523 hours), group data were compared
to the 1100-hour data for the test subject.

Additionally, further measurements on the test subject were
also made at select times on other days in an effort to examine
day-to-day variability. Five measurements each were taken at 0800
hours on a separate day, at 1100 hours on another day, and at 1600
hours on yet a third day.

Results

A calibrated surface was repeatedly scanned to assess accuracy of
the estimated anterior surface elevation model. Calibrated surface
data were very accurate with the mean standard deviation (SD) of
12 repeated measures equal to 2 wum over the entire measured
7-mm diameter anterior surface map (range, 1.2 um centrally to
3.2 pum peripherally). These measurements were taken four times
from three different calibrated surfaces of spherical shape (37.5 D,
47.54 D, and 54.57 D).

Figure 2 illustrates the SD of the repeated corneal thickness
measurements on the subject by corneal position and time of
day. The variability of the pachymetry data increased with the
distance away from the comeal apex into the periphery (anal-
ysis of variance; P < 0.0001). The mean SD for all data was
9.08 pm. ranging from 2.83 to 16.72 um. Generally, on anal-
ysis. the thicker the estimated point on the cornea, the greater
the estimated variation. There was also statistically significant
change in variability related to time of day (analysis of vari-
ance: P < 0.01). A measurement location analysis revealed the
horizontal, peripheral positions to have greater variability than
the vertical, peripheral positions (peripheral, horizontal SD =
14.7 pm: peripheral, vertical SD = 11.1 um).

Figure 3 depicts the same day, repeated-measures pachymetry
data by comneal position and time of day (five independent esti-
mates averaged over four positions at each radius). This permits
the localized comparison of the comeal diurnal variation patterns
sequentially across the entire corneal profile from apex to 3.5 mm
into the periphery. The diurnal variation in corneal thickness, a
well-documented phenomenon, is clearly visible. In addition, the
amount of change in thickness increases progressively the farther
from the apex the thickness is measured. The maximum diurnal
variation at the apex was approximately 8 pum; at the 3.5-mm
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Figure 1. Sample Orbscan
pachymetry map, illustrating the
concentric ring and crosshair or-
ganization that allow measure-
ments of comneal thickness at spe-
cific reference points.

radius annulus, the maximum diurnal variation was 23 pum. These
data are in agreement with the data reported by Kiely, Carney, and
Smith,® as mentioned previously.

The change in corneal thickness measured on any day was
found to be significantly different for corneal position and time of
day (two-way analysis of variance; P < 0.00001). When evening
measurements are added (data captured at 1800 hours on yet
another day, after the original data were analyzed), the diurnal
pattern is somewhat sinusoidal in appearance, suggesting a cyclic
pattern not previously indicated in humans but documented in the
rabbit’ and the cat.?

The test subject used for this analysis possessed a somewhat
thicker cornea than the typical or normal subject (based on per-
sonal clinical and research experience). To quantitatively compare
comeal thickness profile characteristics, we sought to verify that
this subject’s profile was not significantly different from that of the
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Figure 2. Orbscan pachymetry error distribution.
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Figure 3. Corneal thickness diurnal variation profile.

Figure 4. Sample of erroneous
positioning. This map illustrates
the appearance of two apparent
minima on a cornea. This artifact
presented only once in 45 re-
peated scans. Careful attention
to proper positioning of the pa-
tient should eliminate this erro-
neous representation.

average subject. As stated in the Methods section, the mean
preoperative thickness data from 18 other subjects who were
scheduled to be treated with PRK were compared over time of day
with the test subject’s data. To minimize diurnal effects of the
comparison, the mean 18-subject measurement time of 1130 hours
(examination times ranged from 0956—1523 hours), group data
were compared to the 1100-hour data for the test subject. The
correlation was 0.9993, with a paired f test of P = 0.73 (i.e., the
variability of the two data sets was not significantly different).
Therefore, despite the fact that this subject has a uniformly thicker
cornea, the data characteristics and corneal profile are representa-
tive of many other individuals.

Again, as stated in the Methods section, measurements on the
test subject were also made at select times on other days in an
effort to examine day-to-day variability. The data were matched
for time: a two-tailed r test for paired data was used to probe for a
statistical difference between the means, an f test for paired data
was performed to assess variability between days, and a correlation
was done to quantitatively examine the comeal profile character-
istics. The 0800 data correlated at 0.9996, with an f test of P =
0.60, but with a ¢ test of P < 0,0002; the 1100-hour data from 2
separate days had a correlation coefficient of 0.9994, an f test of
P = 0.57, and a ¢ test of P = 0.22; the 1600-hour data correlated
at 0.9996, with an ftest of P = 0.47 and a ¢ test of P = 0.32. While
the corneal thickness data were consistent (both in variability and
repeatability) from at least 1100 hours onward on a day-to-day
basis, the 0800 comeal thickness data were significantly different
from day to day in this subject, although measurement variability
at 0800 was not significantly different.

Discussion

The accuracy of the surface maps of the calibrated standards
yielded a mean SD of 2 um (range, 1.2 um centrally to 3.2
pm peripherally). Presuming similar accuracy for posterior
maps, a simple mathematical addition of those errors would
yield pachymetry SD values of greater than 2 um but

Figure 5. Constricted ablation
zone, showing a 4-week postoper-
ative PRK patient’s apparently
constricted ablation zone sur-
rounded by a rim or convex ring
of increased keratometric power.
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perhaps less than 8 wm for a constructed pachymetry map.
This is in general agreement with the experimental data
obtained: the apical measurements had a mean SD of 5 um
(range, 3—7 wm), and the mean SD for the entire 7-mm-
diameter area measured was 9.08 um. Given the manufac-
turer’s involuntary eye movement tracking system and the
normal micromovement of any human subject’s eye relative
to the solidly fixed position of the calibrating spheres, there
is good correlation between theoretic and actual error.

However, Figure 2 indicates the data were progressively
more variable when going from the apex to 3.5 mm into the
periphery (for both the calibrated standard and the subject).
The source of instrument error that was the most obvious
involved specular reflective glare of the small reflected light
used to position each video image on top of the next. These
reflective glare patterns interfered with the 3- and 9-0’clock
data points at concentric positions 2.5, 3.0, and 3.5 mm from
the apex. Either separate filtering systems (illumination and
observation) or a chromatic system might serve to minimize
these glare effects. An additional source of instrument error
was associated with the edge-detection methodology; de-
creased room illumination was important in providing the
image-analysis system with a good, clear, high-contrast
beam edge. To minimize extraneous light, we covered both
the subject’s head and the instrument’s data acquisition
head with a towel.

There was one thickness map (of the 45 taken) that
revealed apparent twin minima of the subject’s cornea (Fig
4). This was proposed to be a result of operator error;
positioning of the cornea too closely to the instrument
would induce the fixed light sources to traverse the apical
tissue at a skewed angle, traversing an artificially length-
ened path centrally, obscuring the real apical minim, and
revealing a false minim on either side of the apex (remem-
ber, the beam moves first from left to right, then from right
to left). This artifactually thick central area would then be
bordered bilaterally by two apparent minima simply as a
function of induced transverse influence or error. This
paired minimum was noted in the horizontal meridian, pre-
sumably because of the use of vertical slit beams. Horizon-
tal beams, by this logic, would show two vertically dis-
placed minima if the subject’s cornea was too close to the
instrument.

As stated in the Methods and Results sections, measure-
ments on the test subject were also made at select times on
other days in an effort to examine day-to-day variability.
While the corneal thickness data were consistent (both in
variability and repeatability) from at least 1100 hours on-
ward on a day-to-day basis, the 0800 corneal thickness data
were significantly different from day-to-day in this subject,
although measurement variability was not significantly dif-
terent. The presumed primary contributor to this. early
morning variation is time between awakening and measure-
ment.*” In our subject, the time difference between awak-
ening on different days was slightly more than 1 hour (70
minutes). This early waking hour hydration variability
could have a significant effect on clinical procedures that
rely on a presumed level of corneal hydration. Along this
line, in terms of postoperative follow-up of patients with
pseudophakia who are at risk of developing bullous kera-

980

topathy, it had previously been recommended that corneal
thickness be measured only between 11:00 am and 2:00 pm,
unless hourly determinations are to be made.'® Of current
importance is if patients being treated with PRK have been
awake for less than 2 or 3 hours immediately before their
treatment procedure, they may be subject to a certain degree
of primary undercorrection because of a reduced ablation
rate secondary to their more highly hydrated cornea.

The increased thickness toward the periphery, combined
with greater diurnal variation in the periphery (Fig 3),
denotes a shift in both hydration regulatory capacity and
specificity of control, signifying the presence of a lateral
hydration gradient extending from apex to periphery. The
phenomena of RK and PK diurnal variation in both refrac-
tion and curvature''='* could be related to this proposed
lateral hydration gradient directly influencing central cor-
neal shape over the course of a day.

Although postoperative PRK patients are apparently
not subject to diurnal refractive and keratometric shifts,'’
the demonstrated hydration variation across the corneal
profile could serve as a source of error in PRK treatment.
The greater hydration levels away from the corneal apex
would progressively restrict the amount of tissue ablation
per laser pulse. Therefore, the midcorneal ablation may
be somewhat diminished, and the outer edges of a typical
6-mm ablation zone may be constricted. In essence, a
6-mm treatment ablation zone may actually be only an
effective 4.5- or 5.0-mm refractive ablation zone because
of the additional water present toward the periphery. This
presentation does not include possible excimer “pulse”
effects driving even more water peripherally. This end
result can qualitatively be seen on corneal topographic
maps, independent of manufacturer; patients’ apparent
ablation zones appear to be 4.5 to 5.0 mm in diameter
rather than the treated 6 mm (Fig 5). An alternative
explanation for the phenomenon seen in Figure 5 is that
healing surface epithelium mounds over the ablation zone
edge, creating the appearance of a decreased ablation
diameter surrounded by a convex ring. Only further re-
search will show which hypothesis regarding the under-
lying mechanism for this occurrence is correct.

In conclusion, the accuracy and variability (precision) of
pachymetry measurements using Orbtek’s Orbscan system
proved to be acceptable for research use. Possible sources of
error were identified for future system improvement. The
relevance and implications of the thickness data pertaining
to diurnal variation offered important insight into corneal
anatomy and physiology, particularly with respect to the
clinical evaluation of PRK patients. As such, the pachym-
etry system will be a useful tool in studies modeling PRK
after surgery.

Acknowledgment. The authors thank Hospital Corpsman 3rd
Class (HM3) George Meyer for his exceptional support services.

References

I. Maurice DM. The location of the fluid pump in the cornea.
J Physiol (Lond) 1972:221:43-54.



Lattimore et al - Orbscan Pachymetry Implications

. Chan-Ling T. Efron N, Holden BA. Diurnal variation of corneal
thickness in the cat. Invest Ophthalmol Vis Sci 1985;26:102-5.
. Nissen J, Hjortdal JO, Ehlers N. et al. A clinical comparison
of optical and ultrasonic pachometry. Acta Ophthaimol
(Copenh) 1991;69:659-63.

. Lattimore MR Jr. Influence of extended soft comtact lens wear
on the comparative measurement of central corneal thickness.
Acta Ophthalmol Scand 1996;74:239-42.

. Herse P, Siu A. Short-term effects of proparacaine on human
comeal thickness. Acta Ophthalmol (Copenh) 1992;70:740-4.
. Mandell RB, Fati I. Thinning of the human cornea on awak-
ening. Nature 1965;208:292-3.

. Mertz GW. Ovemight swelling of the living human comea.
J Am Optom Assoc 1980;51:211-4.

. Kiely PM, Camney LG, Smith G. Diurnal variations of corneal
topography and thickness. Am J Optom Physiol Opt 1982;59:
976-82.

. Herse PR. Diurnal and long-term variations in corneal thick-
ness in the normal and alloxan-induced diabetic rabbit. Curr
Eye Res 1990;9:451-7.

10.

1.

15.

Hara T. Hara T. Postoperative change in the corneal thickness
of the pseudophakic eye: amplified diunal variation and con-
sensual increase. J Cataract Refract Surg 1987:13:325-9.
Schanzlin DJ, Santos VR, Waring GO III, et al. Diumal.
change in refraction, comeal curvature, visual acuity, and
intraocular pressure after radial keratotomy in the PERK
study. Ophthalmology 1986;93:167-75.

. MacRae S, Rich L, Phillips D, Bedrossian R. Diumnal variation

in vision after radial keratotomy. Am J Ophthalmol 1989:107:
262-7.

. Maloney RK. Effect of comeal hydration and intraocular

pressure on keratometric power after experimental radial ker-
atotomy. Ophthalmology 1990;97:927-33.

. Kwitko S, Gritz DC, Garbus JJ, et al. Diurnal variation of

corneal topography after radial keratotomy. Arch Ophthalmol
1992:110:351-6.

Seiler T. Hell K. Wollensak J. Diurnal variation in refraction
after excimer laser photorefractive keratectomy. Ger J Oph-
thalmol] 1992;1:19-21.

981



